Novel gold nanodogbones (GDBs) are successfully fabricated using a simple seeded mediated growth (SMG) method. The shapes of GDBs depend on the amount of added vitamin C solvent. The amount of vitamin C solvent was varied from 10 to 40 μl to investigate the influence of vitamin C solvent on the GDBs. It is found that the aspect ratios (R) of GDBs were in the range from 2.34 to 1.46, and the UV-vis absorption measurement revealed a pronounced blueshift on the longitudinal surface plasmon resonance (SPR) band from 713 to 676 nm. The GDBs were determined by x-ray diffraction (XRD) to be single-crystalline with a face-centered cubic (fcc) structure. The lattice constant calculated from this selected-area electron diffraction (SAED) pattern is 4.068Å.
Introduction
In recent years, nanoparticles have continued to attract considerable attention in many scientific fields, such as material research, nano-and molecular electronics and technological applications [1] [2] [3] . The size and shape of such nanoparticles are two important factors that determine their physical, chemical, optical, magnetic, catalytic and electronic properties [4] [5] [6] [7] [8] [9] . Therefore, effectively controlling their shape and size is very important, and is a challenging task for researchers.
Gold is well known to be the most important noble metal material due to its unique optical responses, and its catalytic, photographic, biosensing and electronic properties.
It has been the subject of research and is applied widely in many fields such as surface-enhanced Raman scattering (SERS), optical sensors, fluorescence signals, molecular sensors, surface plasmon resonance (SPR) sensor chips, deoxyribonucleic acid (DNA) sensors and electrochemical sensors [10] [11] [12] [13] [14] [15] [16] . Recently, several shapes and structures of gold nanoparticles have been studied. They include nanorings, nanoplates, dendrimer-like shapes, nanocubes, nanoprisms, crooked nanorods, nanodumbbells and nanonetworks [17] [18] [19] [20] [21] [22] [23] [24] . The development of wellcontrolled shapes and novel structures of gold nanoparticles has therefore become an emerging research topic. This material has also been synthesized by various methods which include the electrochemical method [6] , laser ablation, the photochemical method, the sonochemical method and electrodeposition with a porous template membrane [24] [25] [26] [27] , among others. However, all of these methods have some disadvantages in practical use, such as high processing temperature, complexity, low growth ratio and expensive equipment. Thus, an economic and simple synthetic technique is necessary for the fabrication of gold nanoparticles.
Gold nanoparticles were prepared by the wet chemical reduction of gold salts in this work. A seeded mediated growth (SMG) method was used to make gold nanoparticles with highly uniform size and shape. The SMG method was found to be superior to other approaches for synthesizing gold nanoparticles because of its high quality, ease of control of the yield, low processing temperature, large amount synthesized, inexpensive equipment, high growth rate and low cost. Brown et al described the SMG of gold nanoparticles [28] . In the SMG method, gold nanoparticles are produced in reasonable yield by chemically reducing HAuCl 4 in a surfactant solution, with the addition of small seed gold particles as nucleation centers for the preparation of large nanoparticles. The surfactant absorbs strongly (as a bilayer) along the crystal face of the nanoparticle. It is usually considered to be a soft micelle template, which controls the size and shape of the nanoparticles. In recent years, the preparation of gold nanoparticles with special structures by the SMG method has been studied and has attracted a great deal of attention [29] [30] [31] . Therefore, the preparation of gold nanostructures with controllable morphologies is still required to exploit fully their peculiar properties and unique applications.
This work describes a SMG method that involves the addition of vitamin C solvent to prepare gold nanodogbones (GDBs). Vitamin C is found to modify the shape of gold nanoparticles from rod structures to dogbone-like structures. The aspect ratio (R) of GDBs can be easily controlled by varying the amount of added vitamin C solvent. Although the preparation of gold nanodogbones by SMG has been investigated elsewhere [29] , the structural, optical and chemical properties of GDBs have not been established in detail. Therefore, this work focuses on the crystalline structure, chemical composition and optical properties of the GDBs. Also, the growth mechanism of the GDBs will be proposed and discussed.
Experimental details

Chemicals and materials
HAuCl 4 ·4H 2 O (99.9%), NaBH 4 (99%), Vitamin C (99+%), CTAB (99%) and AgNO 3 (99+%) were obtained from Aldrich. The deionized (DI) water that was used throughout the experiments was purified using a Milli-Q system. Glassware was cleaned by soaking it in aqua regia and then washing it with DI water.
Preparation of gold seeds
In a typical procedure, 0.25 ml of an aqueous 0.01 M solution of HAuCl 4 ·4H 2 O was added to 7.5 ml of a 0.1 M CTAB solution in a glass test tube. The solution appeared bright brown-yellow. Then, 0.6 ml of an aqueous 0.01 M ice-cold NaBH 4 solution was added and mixed by rapid inversion for 2 min. The solution then appeared pale brown-yellow. The test tube was immersed in a water bath and maintained at 25
• C for 2 h. The seed solution in the test tube was used within 3 h after immersion. In this procedure, a gold seed particle with a size of about 5 nm was made via the sodium borohydride reduction of HAuCl 4 .
Preparation of gold nanorods with dogbone-like structures
In a typical experiment, 4.75 ml of 0.10 M CTAB, 0.2 ml of 0.01 M HAuCl 4 ·4H 2 O and 0.03 ml of 0.01 M AgNO 3 solutions were added and stirred in a test tube, the contents of which were bright brown-yellow at this stage. 10-40 μl of 0.10 M aqueous solution of vitamin C was added to the above solution to form a growth solution, so the shape of the gold nanoparticles in the growth solution was changed from rods to dogbone-like structures. The growth solution became colorless upon the addition and mixing of vitamin C. Finally, 0.010 ml of a seed solution was added to the growth solution, and the reaction was gently mixed for 10 s, before it was placed aside for at least 3 h.
Material characterization
The shape and size of the GDB samples were measured on a field emission gun TEM (FEG-TEM, Philips Tecnai G2 F20), with an accelerating voltage of 200 kV; the TEM was equipped with an energy-dispersive x-ray spectrometric (EDS) element analyzer and selected-area electron diffraction (SAED) pattern. The average diameter (D), average length (L), standard deviation and aspect ratio (R) for each sample were determined manually and statistically from the TEM images. The x-ray photoelectron spectroscopy (XPS, Escalab-210, VG Scientific) was used to study the electron spectra and analyze the elements of the GDBs. The sample for XPS analysis was prepared by drop-casting a single drop of the GDB solution onto a clean glass slide (1 × 1 cm 2 ) and then drying it in an electronic drying cabinet (Jow Ruey Technical DRY-70, Taiwan) to remove the liquid rapidly. The optical behavior of the GDB was studied using an ultraviolet-nearinfrared (UV-NIR) spectrometer (Hitachi 3310, Japan). The crystalline structure of GDB was measured by x-ray diffraction (XRD) on a MAC science (MXT-III) instrument operated at 40 kV with a current of 30 mA with Cu Kα x-ray radiation.
Results and discussion
Effect of amount of added vitamin C on shape of the GDBs
Figure 1(a) shows the low-magnification TEM image of the gold seed, which is almost spherical and uniformly dispersed with a size of about 5 nm. Figure 1 (b) shows a TEM image of gold nanoparticles at low magnification formed by the SMG method without addition of vitamin C solvent: they are shaped like rods. A higher-magnification TEM image of the gold nanorods in the inset in figure 1(b) yields an estimated rod length of 20-30 nm and a diameter (width) of 8-15 nm. A gold nanorod synthesized by the SMG method has also been observed elsewhere [30] . Figures 1(c)-(f) show the TEM Recently, Chen et al reported to have synthesized multipod gold nanocrystals using a simple solution-phase chemical reduction method, with structures similar to those of the TGNS herein [32] . However, the length of the GDB decreases as the amount of vitamin C solvent increases, and the particle shape can also be changed from GDB to TGNS. A typical average diameter (D), average length (L) and error estimates (plus/minus) of gold nanoparticles are shown in table 1. The R for these GDBs with amounts of vitamin C solvent added from 10 to 40 μl are 2.16, 1.94, 1.72 and 1.46 nm, respectively, where R is defined as the ratio of L to D of a cylinder. R decreases as the amount of vitamin C solvent increases. A much more marked effect on the SPR absorption was found when the gold nanoparticle shape was changed with various R.
Optical behavior of the GDBs
It is well known that gold nanoparticles exhibit optical absorption bands in the UV-NIR range. The optical absorption behavior arises from collective electron oscillations known as SPR, which are sensitive to the shape and size of the particles. The SPR originates in the oscillation of the free electrons by 6s electrons of the conduction band in the case of gold. Figure 2 displays the shape-dependent UV-NIR absorption spectra of the gold nanoparticles with different R, as determined by the SMG method. When a gold seed solution was used, the optical response of the spherical gold seed exhibits a single SPR band at around 520 nm, as shown in curve (a) of figure 2. Curve (b) of figure 2 shows a UV-NIR absorption spectrum of gold nanorods without additional vitamin C solvent. Rod-shaped gold particles generally have two SPR absorption bands that are characteristic of the long and short axes of the rods; one peak corresponds to the short axes (transverse dipole resonance) and appears at a shorter wavelength of around 520 nm, while the other corresponds to the long axes (longitudinal dipole resonance) and appears at a longer wavelength of around 600-1300 nm, depending on R. This sample of gold nanorods, with R of 2.34, shows the transverse SPR band at 522 nm and a longitudinal SPR band at 823 nm. The addition of vitamin C solvent to the growth solution changes the absorption spectra in an amount-dependent manner. Curves (c)-(f) of figure 2 show the UV-NIR absorption spectra of the GDBs with different amounts of additional vitamin C solvent. The blueshift in the longitudinal SPR band from 713 to 676 nm was observed as the shapes of the gold particle changed from GDB to TGNS as the amount of vitamin C solvent varied in the range 10-40 μl. In our experimental study, the longitudinal SPR band of the GDBs was similar to that of normal gold nanorods, depending on R. A parameterized equation based on MieGans theory to establish a linear correlation between the R of cylindrical nanorods and their longitudinal SPR band (λ max ) is as follows [33] : 
where ε m is the effective dielectric medium of the surroundings, which also varies as a function of R. According to the absorption spectra in the theoretical simulation based on equation (1), the longitudinal SPR band centered at 633 nm corresponds to an R value of 2.6 with a medium dielectric constant of 4. According to theoretical predictions, such an R value of 3.6 corresponds to a higher shift in the longitudinal SPR band at 767 nm. In this work, by the shape of the gold nanoparticles is changed from GDB to TGNS, causing a blueshift in the longitudinal SPR band, which corresponds to a decrease in R from 2.16 to 1.46 (see table 1 ). Restated, the longitudinal SPR band shifted toward the blue wavelengths as the R of the particle decreased. The number of SPR bands and relative SPR positions in this study are consistent with those in other works and with theoretical calculations [6, 22] .
Structure of the GDBs
The synthesis of novel GDBs by the SMG method with the addition of 10 μl of vitamin C solvent has good reproducibility and provides simplicity of fabrication, as shown in figure 3(a) . Figure 3 (b) clearly delineates the schematic illustration of the GDB and gold nanorods. The dogbone-like and rod-like particles differ in diameter (width) section. The rod shape has the same distance in diameter section (i.e. distance i = distance ii). In this study, the dogbone-like shape in diameter section is not identical in distance (i.e. distance i = distance ii), indicating that the diameter is least in the middle section and largest at the two ends. A XRD experiment was performed, as shown in figure 3(c) , to characterize the structure of the GDB. XRD peaks from atomic lattices of the GDB are clearly seen at 2θ = 38. consistent with the Joint Committee on Powder Diffraction Standard (JCPDS 04-0784). No peak characteristic of any impurity was observed. The XRD pattern shows primarily the (111) Bragg reflection of face-centered cubic (FCC)-structured gold crystals, indicating highly oriented growth of the GDB. This is strong evidence of the preferential growth of the GDB in the (111) direction as the particle length increases. Notably the (200) and (220) Bragg reflections are extremely weak.
Composition and elemental analysis of the GDBs
Figure 4(a) shows the wide scanning x-ray photoelectron spectroscopy (XPS) analysis of GDBs with the addition of 10 μl of vitamin C solvent by the SMG method to elucidate their composition. The XPS spectra revealed no material other than the gold and the surfactant. Figure 4 (a) shows spectra of Au-4f, Br-3d, C-1s, N-1s and O-1s core levels, respectively. The binding energy at 284.5 eV corresponds to the C-1s corelevel peak from the tail of the surfactant hydrophobic group. The Br-3d 5/2 and Br-3d 3/2 core-level spectra peaks are at 186.8 and 180.2 eV, respectively, indicating the presence of the hydrophilic portion of the surfactant. The O-1s core-level peak is observed at 531.3 eV. An N-1s peak from the front part of the surfactant hydrophobic group is seen at a binding energy of 420.2 eV. The inset in figure 4(a) shows the enlargement of the Au-4f core-level spectrum, which presents two gold bands, Au4f 7/2 and Au-4f 5/2 at ∼84.3 and ∼88.0 eV, respectively. These are characteristic values for Au(0). The 4f core-level spectra are well described using only two peaks that correspond to the element gold. The difference between the binding energies of the Au-4f 7/2 and Au-4f 5/2 peaks is 3.7 eV. The typical Au-4f 7/2 and Au-4f 5/2 bands of bulk gold occur at 83.9 eV and 87.6 eV, respectively [34] . The binding energy of the smaller particles is higher than that of bulk gold, probably because of a shift in the Fermi level. Such shifts have been reported elsewhere [35] . Furthermore, the samples of the GDBs were confirmed by EDS to be pure gold, as shown in figure 4(b) . No other elements were detected by EDS analysis, indicating that these GDBs are pure gold. The Cu peak in this chart corresponds to the Cu grid as a carrier of the GDBs during the test. Figure 5(a) shows the TEM image of a single GDB by the SMG method with the addition of vitamin C. The highresolution transmission electron microscopy (HRTEM) image in the inset of figure 5(a) shows that the GDB are single crystals with no observable stacking faults or twins defect, in agreement with the results presented elsewhere for gold nanorods [36, 37] . The fringe spacing is measured to be 0.232 nm, which corresponds closely with the spacing between the (111) planes of fcc gold (0.235 nm). Figure 5(b) shows an electron beam that is perpendicular to the facets of individual GDBs. The characteristic spot array in the diffraction pattern of a single crystal confirmed that the GBDs were single crystals, which result is consistent with HRTEM analysis. The lattice constant calculated from this selected-area electron diffraction (SAED) pattern is 4.063Å, which agrees with a reported value for the fcc lattice gold phase (a = 4.078Å; JCPDS 04-0784). Figures 5(c), (d) show the bright-field (BF) TEM image of a single GDB and the corresponding dark-field (DF) TEM image. DF TEM image analysis, as in figure 5(d) , determined that this contrast arises from thickness fringes oriented for strong Bragg scattering. The thickness fringes exhibiting strong diffraction contrast are simultaneously visible as ring patterns and bright regions in the GDB surface. The thickness fringes on the GDB surface were quite similar to those on a normal gold nanorod surface [38] .
Morphology characterization of the GBDs
Growth mechanisms of the GDBs
The above results suggest the hypothesis that the growth mechanism of GDBs is as follows. The SMG method for preparing gold nanoparticles involves the chemical reduction of AuCl 4 by NaBH 4 reducing agent in the presence of the CTAB surfactant solution. Small gold particles are prepared first and later used as seeds (nucleation centers) for the preparation of large size particles. These large particles are trapped by the surfactant to form nanoparticles. The surfactant absorbs strongly (as a bilayer) along the crystal face of the nanoparticle. The surfactant is usually considered to be a soft micelle template, which controls the size and shape of the nanoparticles. Microscopically, such adjustments may change the sizes of the spherical micelles and subsequently affect the size of the resulting micelle-encapsulated nanoparticles. As reported elsewhere, the equilibrium shapes of the micelles are usually spherical, but the shapes may change from spherical to rod-like or to disc-like in some micellar solutions when solubilized molecules, ion surfactant or organic solvent are added [39, 40] . The organic solvent could usually dissolve the polar group of the surfactant at the hydrocarbon/water interface of the micelle when the organic solvent was added with the surfactant solution. Hence, the solvent reduces the surface charge density of the ionic micelles and thereby promotes the formation of micelle geometries with a low mean curvature, such as rods, discs or other shapes. In this work, the micelle template of the CTAB surfactant may have a dogbone-like structure, following the addition of a vitamin C solvent. The growth of the GDBs by a SMG method with additional vitamin C solvent is not yet fully understood. The relationship between the vitamin C and the surfactant in a SMG system requires further investigation. However, evidence suggests that vitamin C solvent in a surfactant solution importantly facilitates the synthesis of GDBs.
Conclusion
In summary, this work demonstrates the preparation of GDBs with surfactant micelle templates with the addition of vitamin C solvent by the SMG method. The particle shape and morphology of the final products depend on the amount of vitamin C solvent that is added. The SPR bands of GDBs were similar to those of gold nanorods, depending on R. Singlecrystalline GDBs were successfully fabricated, with an R of about 2. Further measurements are now necessary to improve our understanding of those GDBs. The SMG method is proven to be simple and can be implemented using common laboratory reagents.
